Barley stripe mosaic virus contains seven genes, one of which specifies a 17-kD cysteine-rich protein, yb, that is known to affect virulence. To further characterize the role of yb in pathogenesis, we mutagenized sequences encoding amino acids within two clusters of cysteine and histidine residues in the cysteine-rich domain and a group of basic amino acids located between the clusters and determined the effects of these mutations on the symptom phenotype in barley. Three single amino acid substitutions in cluster 1 and two amino acid exchanges in the basic region caused bleached symptoms associated with pronounced elevations in accumulation of yb pmtein. In contrast, three single amino acid substitutions in cluster 2 and a mutation in the basic motif resulted in attenuated (Ynull") symptoms typical of those produced when the yb gene is deleted. Tissue infected with these "null" mutants accumulated slightly elevated amounts of the yb protein but significantly lower levels of coat protein and the putative movement protein pb. Genetic complementation tests revealed that cluster 1 mutations are dominant over the wild-type yb gene, whereas those in cluster 2 are recessive. These results highlight the pivotal role of yb in pathogenesis and suggest that the two cysteine-rich clusters are functionally distinct and that they affect different aspects of disease development.
INTRODUCTION
Despite the small number of genes encoded by simple RNA viruses, the elements controlling replication and their interactions with the host during pathogenesis are complex, and many fundamental questions remain to be answered about even the best characterized systems. Although translational mechanisms used by plant viruses during replication have been investigated in numerous studies Brault and Miller, 1992; Scholthof et al., 1992; Sleat and Wilson, 1992; Dinesh-Kumar and Miller, 1993; Fütterer et al., 1993; Gallie, 1993) , the effects of variations in gene expression on disease phenotypes induced during infection are not well understood. Barley stripe mosaic virus (BSMV) provides a useful model for such analyses because numerous naturally occurring strains of the virus are available for studies of pathogenicity (Jackson et al., 1991) . We have constructed biologically active recombinant DNA clones from severa1 strains that faithfully reproduce their phenotype (Petty et al., 1988 (Petty et al., , 1989 . The results of molecular genetic analyses of these clones indicate that each BSMV gene may contribute to the symptoms occurring during infection of different hosts through varied effects on virus replication and movement within the plant (Petty et al., , 1994 . Our present goal Current address: Department of Biology, University of Pennsylvania, Philadelphia, PA 19104-6018. * To whom correspondence should be addressed.
isto provide a detailed set of mutations in each of the genes, to determine the biochemical functions of the gene products, and to asses the interactions contributing to various aspects of disease development. In this study, we focus on a mutational analysis of the yb gene and the influence of the mutations on pathogenesis.
BSMV is a positive sense RNA virus with a tripartite genome ( Figure 1 ) consisting of RNAs designated a, P, and y (for review, see Jackson et al., 1989 Jackson et al., ,1991 . RNAa encodes a protein (aa) with methyltransferase and helicase-like domains that is required for replicase activity. Four genes are encoded by RNAP, including the capsid protein Da, which is dispensable for systemic movement, and three proteins, Pb, pC, and Bd, which are arranged in a triple gene block and are individually required for localized cell-to-cell and long distance vascular movement (Petty and Jackson, 199Oa) . RNAy is bicistronic and encodes a second replicase component (ya) that contains the polymerase (GDD) motif universally present in the replicases of plus strand RNA viruses (Koonin and Dolja, 1993) . In addition, RNAy encodes a 17-kD cysteine-rich protein, yb, that is of particular interest because it influences expression of genes encoded by RNAP (Petty et al., 199Oa) and has diverse effects on pathogenicity (Petty et al., 1994) . Small cysteine-rich proteins, such as BSMV yb, are encoded in the 3'terminal regions of the genomic RNAs of four groups of plant viruses, hordei-, furo-, tobra-, and carlaviruses. Although The filled circle, open rectangles, and solid rectangles represent the 5' cap structure, the ORFs, and the 3' terminal tRNA-like structure, respectively. The aa replicase subunit protein contains a putative methyltransferase domain ( ) near the N terminus and a nucleotide binding motif ( m) near the C terminus. The four proteins encoded by RNAB include Ba, the capsid protein; pb, the major nonstructural protein that contains a nucleotide binding motif ( HCI) similar to that of aa; pc, the 17-kD 3' proximal RNAP gene; and pd, a 14-kD polypeptide that overlaps the pb and pc ORFs. RNAy encodes two polypeptides. The ya replicase subunit contains the GDD polymerase domain ( A ) that shares sequence relatedness with other viral proteins thought to be involved in RNA replication. Theyb protein, which is translated from a subgenomic RNA, contains a cysteine-rich region ( M ).
none of these proteins share significant amino acid sequence identity, several of them have some structural similarity to nucleic acid binding proteins (Koonin et al., 1991) , and the evidence suggests that they may be involved in regulation of gene expression. In the case of the BSMVyb protein, sequence relatedness to putative chloroplast tRNA intron-encoded proteins (CIPs) occurs within a basic region containing a number of conserved positively charged residues similar to those of the "tether" domains of reverse transcriptases (Koonin et al., 1991) . Another structurally interesting feature of the BSMV yb protein is the organization of cysteine and histidine residues into two clusters ( Figure 2 ) that resemble the metal binding "zinc finger" motifs characteristic of many eukaryotic transcription factors (Morozov et al., 1989; Struhl, 1989) . These two yb cysteine-rich clusters are separated by the basic motif (Koonin et al., 1991) , and they have significant homology with cysteinerich motifs found in an analogous protein (Agranovsky et al., 1992) of poa semilatent virus (PSLV), a related hordeivirus (Hunter et al., 1986) .
Little is known about the function or biological roles of zinc finger-like motifs found in proteins encoded by plant RNA viruses. Besides the BSMV yb protein, such motifs are present in the cysteine-rich 16-kD protein of tobacco rattle virus (TRV), the 14-kD protein of beet necrotic yellow vein virus (BNYVV; Morozov et al., 1989) , the 12-kD protein encoded by potato virus M (Gramstat et al., 1990) , and the homologous proteins of several closely related viruses. A similar "fingerlike" motif is also found in the capsid proteins of tobacco streak virus and alfalfa mosaic virus (Shenke et al., 1989) . For TRV (Guilford et al., 1991) and BNYVV (Gilmer et al., 1992) , the cysteine-rich proteins are dispensable for systemic infection. The yb gene is also dispensable for systemic infection, but this depends on the strain of the virus and the genetic background of the mutated RNA (Petty et al., 199Oa) . Moreover, natural amino acid sequence polymorphisms and deletions within the BSMV yb gene can have profound effects on the systemic infection phenotype of the native barley host .
The local lesion phenotype elicited in the experimental host Chenopodium amaranticolor is also affected by mutations in yb (Petty et al., 1994) . Local lesions elicited by BNYW mutants containing deletions of the gene encoding the cysteine-rich 14-kD protein are also markedly reduced in size in C. guinoa or Tetragona expansa, and the leve1 of accumulation of viral RNA is reduced more than 10-fold in leaves infected with the viral mutants compared to B N Y W infections (Gilmer et al., 1992) . The proteinase (HC-Pro) involved in aphid transmission of potato virus Y (Robaglia et al., 1989) and other potyviruses also contains a zinc finger motif. In tobacco vein mottling virus (TVMV), substitutions involving a histidine, a lysine, and cysteines within the HC-Pro finger motif have recently been shown to affect both aphid transmission and symptom development in plant hosts (Atreya and Pirone, 1993) . In addition, cysteine-rich motifs similar to those found in RNA viruses are present in the capsid proteins of plant pararetroviruses (Covey, 1986) , and in figwort mosaic virus this motif is required for infectivity (Scholthof et al., 1993) . Therefore, it is apparent that these cysteine-rich proteins are involved in the replication and pathogenicity of a number of diverse plant viruses.
To provide more insight into the role of yb in the infection processes of BSMV, we performed mutational analyses targeting the two cysteine-rich clusters of the BSMV yb protein and the basic residue motif that separates the two clusters. We investigated the infection phenotypes of BSMV mutants expressing the altered yb proteins and evaluated the effects of the mutations on accumulation of BSMV gene products in infected barley. The results show that mutations targeting the two cysteine clusters elicit distinctive phenotypes in infected plants and that these mutations have dramatic effects on expression and localization of yb and on expression of other BSMV-encoded proteins. Taken together, our observations demonstrate that the yb gene has an important role in pathogenesis and that the two cysteine-rich clusters form distinct domains within the yb protein that contribute differently to the virulence phenotype and to regulation of BSMV gene expression.
RESULTS

yb Mutants Elicit Varied Symptom Phenotypes on Barley
The yb protein has been demonstrated previously to contain pathogenicity determinants that contribute to differences in local lesions elicited on the dicot host C. amaranticolor (Petty et al., 1994) . To provide an analysis of the role of yb in barley .~ \ , (Agranovsky et al., 1992) are shown, and serine (S) and leucine (L) substitutions are indicated by unfilled capital letters. The basic motif (EM) immediately adjacent to cluster C1 corresponds to a conserved "tether" domain region of chloroplast intron-encoded proteins (CIPs; Koonin et al., 1991) . The conserved yb amino acids in the basic motif that were targeted by mutagenesis include three groups of arginine and lysine residues and two conserved tyrosines. The basic residues and the tyrosines conserved between BSMV, PSLV, and a CIP of rice are shown in boldface type.
pathogenesis, a series of amino acid substitutions was incorporated into the cysteine-rich clusters of the yb gene ( Figure  1 ) of the wild-type North Dakota 18 (ND18) clone y42. These substitutions involved each cysteine and histidine residue, both individually and in combination, in clusters 1 and 2 ( Figure  2 , C1 and C2). Cysteine residues were changed to serine, the single histidine in cluster 2 was changed to a leucine, and additional mutations were introduced into the basic motif flanking the two cysteine-rich clusters (Figure 2 ). These mutations corresponded to amino acid residues that are conserved when compared to sequences of the related PSLV protein (Agranovsky et al., 1992) or the conserved "tether" domain of the chloroplast CIP proteins (Koonin et al., 1991) . Mutation 26 substitutes glutamine and asparagine for the adjacent arginine and lysine residues that are on the C-terminal side of the last cysteine residue of cluster 1 (Figure 2 ). Mutation 27 targets two lysines that are sandwiched between two tyrosine residues that were modified in mutation 28. These four residues are conserved in chloroplast ClPs but are less stringently maintained in the homologous PSLV motif, which retains only one tyrosine and one lysine residue in this region of the protein (Figure 2 ). In mutation 28, the two tyrosines flanking the lysines that were altered in mutation 27 were replaced with serines. Mutation 29 substitutes three basic residues similarly placed in chloroplast ClPs and in PSLV. The resulting mutated RNAy transcripts were coinoculated to barley along with native ND18 strain RNAa and l 3 transcripts, and the phenotype was evaluated at various times up to 3 weeks post-inoculation. Some of the mutations ) within the two cysteine-rich clusters appeared to be phenotypically neutral, and symptoms indistinguishable from those of the parenta1 ND18 strain ( Figure 3A) were produced upon infection with derivatives containing these mutations. However, other mutations in each cluster elicited two distinctive phenotypes that are correlated with the C1 and C2 substitutions (Figure 3 ). Severa1 mutations within cluster 2 resulted in an alteration of the wild-type symptoms to the "null" phenotype produced upon deletion of yb, whereas mutations within cluster 1 that affected symptom expression induced a characteristic "bleached phenotype (summarized in Figure 2 ). These results demonstrate that both of the cysteine-rich clusters are required for the "wild-type" activity of yb but the two clusters contribute differently, although not necessarily independently, to the function of the protein.
Mutation of three of the amino acids in cluster 2 (C2-60, C2-81, and C2-H85) caused a "null" phenotype (Figure 38 ) characteristic of infections with the yb deletion mutants ( Figure 3C ) previously described by . Barley plants inoculated with these cluster 2 mutants developed an erratic mottled or patchy mosaic phenotype that was delayed in appearance by 2 to 3 days and was less severe than the more uniform mosaic caused by the wild-typevirus. In contrast, mutation of two other cysteine residues in cluster 2 (C2-64 and C2-71) appeared not to affect the in vivo activity of yb, because both single and double mutations resulted in infections indistinguishable from those of the parental NDl8 strain. In the case of the double mutant C2-60,64, symptoms were similar to the null phenotype elicited by the C2-60 single mutant. A substitution of a neighboring proline (P75) to a leucine also failed to modulate the severe wild-type phenotype.
Three mutants with substitutions for cysteine residues in cluster 1 (Cl-7, C1-19, and C1-23) elicited the "bleached phenotype ( Figure 3D ), which clearly differed from the wild-type symptoms or the "null" symptom phenotype. The bleached syndrome caused by the cluster 1 mutants was initially mild, and chlorosis was usually limited to the tips and edges of leaf blades but later spread across the leaf ( Figure 3E ). The affected areas eventually developed an erratic but pronounced white appearance resulting from extreme chlorosis ( Figure 3F ). In addition, plants infected with the C1 mutants were less stunted than those inoculated with transcripts derived from the parental ND18 cDNA clones. Two other single mutations in cysteine residues, C1-9 and C1-10, appeared to be phenotypically neutral, because mutants containing the single substitutions yielded the uniform mosaic symptoms typical of wild-type ND18 infections. However, a double mutation (C1-9,10), in which both residues were substituted, caused the characteristic bleached phenotype of the C1-7, C1-19, and C1-23 mutants. Two triple substitutions of the cluster 1 cysteine residues C1-9,10,19 or C1-9,10,23 were also constructed to determine whether these residues contribute synergistically to the pathology. However, this seemed not to be the case, because inoculated plants developed the same distinctive bleached phenotype as those infected with the C1-9,lO double mutant or the three single residue mutants, C1-7, C1-19, or C1-23.
Additional mutants with amino acid substitutions in the basic motif located between cluster 1 and cluster 2 of the yb protein ( Figure 2 ) were also inoculated onto barley seedlings, and the effects of the substitutions on the symptom phenotype were compared with those of the C1 and C2 mutations. The results suggested that the basic motif substitutions have various effects on the function of yb, because the corresponding mutants exhibited each of the three infection phenotypes. The basic motif mutants 26 and 28 both elicited a severe bleached phenotype (designated B+ in Figure 2 ) that was somewhat more extreme than those associated with the cysteine cluster 1 mutants. These symptoms were initially erratic, but a pronounced variegated mosaic pattern developed by 7 days post-inoculation (dpi) ( Figure 3E ) in which the chlorotic areas became progressively bleached like the cluster 1 mutants. However, the bleaching patterns caused by basic motif mutants 26 and 28 were more intense and uniform than those caused by mutants C1-7, C1-19, and C1-23, and the affected regions of the leaves often collapsed and began to die by 10 to 12 dpi ( Figure 3F ). Mutant 29 caused a null phenotype similar to that observed for the cluster 2 mutants C2-60, C2-81, and C2-H85 and the deletion (yA2.1) of the yb gene ( Figure  3C ). In contrast to the other three basic motif mutants, lysine substitutions in mutant 27 had no discernible effect on the pathology and classic wild-type symptoms developed. From these results, it appears that the targeted arginine and lysine residues adjacent to the C1 motif and the tyrosine residues separating the two dispensable lysine residues are required for optimum activity of the yb protein. However, it is possible that the diverse effects of these four basic motif mutations may be indirect and could reflect conformation changes or localized alterations in charge distribution that modulate the individual activities of the C1 or C2 clusters.
Distinct Patterns of BSMV Protein Accumulation Are Associated with Development of the Two Aberrant Symptom Phenotypes
Previously, we demonstrated that barley infected with yb deletion mutants accumulates substantially lower amounts of the vira1 coat protein (pa) and the putative movement protein (pb) than plants infected with the wild-type virus (Petty et al., 199Oa) . To extend this study, we conducted immunoblot analyses to assess the effects of the site-specific yb mutations on BSMV gene expression, and infected tissue was sampled 7 days after (F) Severe bleached phenotype illustrating the pronounced bleaching and collapse of leaves infected with the basic motif mutant 26 at 12 dpi. mechanical inoculation. The most significant findings from these experiments were that the C1 mutants eliciting the bleached syndrome accumulated highly elevated levels of the yc-protein, while the C2 mutants displaying the null phenotype had greatly reduced amounts of the Pa coat protein and pb, a protein required for cell-to-cell movement . Figure 4 shows the results of an experiment in which tissue was taken from plants inoculated with selected cluster 1 and cluster 2 mutants and with the basic motif mutants 26, 27, 28, and 29. The accumulation patterns of the viral proteins ( Figure 4 ) were compared with those of the wild-type virus and the yb null deletion mutant (A2.1). In this experiment, tissue from plants inoculated with two cluster 1 triple mutants (C1-9,10,19 and C1-9,10,23) and two cluster 2 double mutants (C2-60.H85 and C2-81 ,H85) was examined. Other experiments (data not shown) in which the double and triple mutants in clusters 1 or 2 were compared with single mutants indicated that multiple mutations did not have synergistic effects on symptom development because indistinguishable gene expression patterns characteristic of each cluster appeared after inoculation. These results thus indicate Immunoblot analysis of the 22.5-kD pa protein and the 17-kD yb protein in infected barley tissue after inoculation with infectious transcripts. Equal quantities of total protein extracted from samples of infected tissue (Methods) were resolved in 15% SDS-polyacrylamide gels. After transfer to nitrocellulose and incubation with antibodies raised against BSMV particles, the Pa capsid protein was detected with alkaline phosphatase-conjugated (AP) secondary antibody. The yb protein was visualized with antibodies raised against recombinant yb protein and detected with AP and with the horseradish peroxidase-based enhanced chemiluminescence (ECL) reagents. Wild-type infection, wt; yb null mutant control, A2.1; mutants 01(9,10,19) and C1(9,10,23), labeled a and b, respectively; mutants 02(60,85) and 02(81,85), labeled a and b, respectively; basic motif (BM) mutants 26, 27, 28, and 29; mockinfected (M) control. The last five lanes show the results of analyses of leaf samples coinoculated with RNAa and RNAP plus the complementation mixture of RNAy consisting of the indicated yb mutants and the ya-deficient transcript that contains a wild-type yb allele (A1.1).
that both the gene expression patterns and the symptom phenotypes are correlated with the particular cluster from which the mutants were derived. Residues within the C2 cluster that form the finger-like motif appear to have some vital role in regulating expression of proteins encoded by RNAp, because the cluster 2 mutants that elicited a null phenotype displayed the same dramatic reductions in accumulation of the Pa coat protein (Figure 4) as observed previously for the yb null mutant A2.1 . The basic motif mutant 29 induced the mild erratic "null" mosaic phenotype ( Figure 3B ) characteristic of the cluster 2 and Yb deletion mutants and yielded pronounced reductions in coat protein (Figure 4) and pb protein accumulation (data not shown) that are similar to those found in the cluster 2 mutants. Similarly, the pb protein was not detectable in barley infected for 7 days with the cluster 2 mutants C2-60, C2-81, and C2-H85 or the basic motif mutant 29, all of which elicit the null symptom phenotype (see Table 1 for a summary comparing the levels of accumulation and symptom phenotype). Although the tissue showing the null phenotype had a mottled appearance, limited tissue distribution or reduced virus content cannot account for the severalfold reductions in the abundance of pa and pb, because in the same tissue, the levels of the ya protein (data not shown) and the yb protein (discussed below) in the C2 mutants and mutant 29 infections were similar to those of the wild-type virus infections. Furthermore, the reduction of Pa observed in the C2 and M29 mutations occurred despite the similar levels of viral RNA in the sampled tissue (compare Figures 4 and 6 ). In addition, the levels of coat protein in tissue infected with the C1 mutants and the basic motif mutants 26 ( Figures 3E and 3F ) and 28 that elicit bleached symptoms were reduced slightly. However, these reductions were far less dramatic than those in infections producing the null phenotype (Figure 4) .
From our serological analyses, we estimate that the amounts of the coat protein accumulating in the bleached infections are within 20% of the wild-type infections. In addition, the levels of pb were not substantially affected in plants inoculated with mutants causing the bleached or wild-type symptoms, including the individual cluster 1 cysteine substitution mutants and the basic motif mutants 26, 27, and 28 (Table 1) . Consistent with its wild-type phenotype, the basic motif mutant 27 also elicited levels of coat protein and pb protein accumulation comparable to those found in infections elicited by the wild-type Y42 transcripts. In summary, mutations of critical amino acid residues within the C2 cluster and the basic motif that lead to the null phenotype resulted in appreciably lower levels of the two major gene products encoded by RNAP in infected tissue than in tissue infected with the mutations eliciting the wild-type or the bleached symptoms.
In marked contrast to the results obtained with the C2 mutants causing the null phenotype, major differences in yb protein accumulation occurred in plants infected with elicited the bleached symptoms all had extraordinary increases in accumulation of the yb protein (Figure 4 ). The yb protein increased from moderately low levels in the wild-type infections to levels within the range of the coat protein in tissue exhibiting the bleached phenotype (Figure 4 ). In contrast, the accumulation of the yb protein in tissue infected with the C2
and basic motif mutants yielding the nu11 phenotype increased only slightly over those of the wild-type virus infections. These results, coupled with the distinctive phenotypic changes caused by the C1 and C2 mutations and the fact that tissues infected with the corresponding mutants differ in the levels of RNAP protein accumulation, reinforce the conclusion that the C1 cluster participates in interactions that are distinct from those of C2.
Taken together, the serological analyses revealed that distinct patterns of BSMV gene expression were correlated with the two symptom phenotypes elicited by the yb mutants (Table  1) . Mutants eliciting the "null" phenotype had drastically reduced levels of the Da and Pb proteins, whereas the levels of yb increased only moderately. In contrast, the mutants eliciting the bleached phenotype caused greatly elevated accumulation of the yb protein without significant effects on the synthesis of the two RNAP-encoded proteins. Therefore, we conclude that the yb protein has multiple effects on virus-host interactions that culminate in visible symptoms and that the two cysteine-rich clusters each engage in distinct interactions that affect BSMV replication and pathogenesis.
Mutations within yb Alter the Cytoplasmic Localization of the Mutant Proteins
To investigate the subcellular distribution of BSMV-encoded polypeptides in infected barley tissue, a simple fractionation procedure based on differential centrifugation of crude tissue extracts was used. This procedure was previously used to (Donald et al., 1993) . A control experiment with the ND18 wild-type strain ( Figure 5 ) verified our previous conclusion that the yb protein in plants infected with the wild-type virus is partitioned to the soluble (S30) fraction. Additional experiments with the basic motif mutant 27 that elicits wild-type symptoms indicated that the distribution of the mutant and the wild-type ND18 yb proteins is similar ( Figure 5 ). However, tissue infected with all of the other null or bleached phenotype mutants displayed an extraordinary shift in the intracellular localization of the mutant yb protein. This change was characterized by drastic reductions in the proportion of yb in the soluble fraction coupled with a corresponding increase in accumulation in fractions in which the wild-type yb protein is normally absent. The highest levels of accumulation were found in the cell wall fraction and in the P1 fraction, which contains predominantly nuclei and chloroplasts. Smaller amounts of the mutant yb proteins were also found in fraction P30, a high-speed fraction containing membranes and organelles such as mitochondria.
Besides the immunoblot analysis of the yb protein shown in Figure 4 , the results of the fractionation experiment shown in Figure 5 confirm subtle but reproducible differences in the mobility of some of the mutant yb proteins on SDS-polyacrylamide gels when compared with that of the wild-type protein.
In Figures 4 and 5 , the mutant yb proteins C1 and 26 have a slightly greater mobility than the basic motif mutant 28 or the cluster 2 mutants, which have mobilities similar to that of the wild-type yb protein. Mutant 29 also appears to have more rapid electrophoretic mobility than the wild-type protein or C2 proteins shown in Figure 5 . We do not believe that these mobility differences reflect a consequence of changes in charge dueto amino acid substitutions because similar substitutions in mutant 27 had no detectable effect on mobility in the SDS gels, and cluster 1 mutations, which are charge neutral, exhibited a mobility shift similar to those observed for the basic The fractions P1, P30, S30, and CW were prepared as described in Methods. Note that for technical reasons the S30 fraction was diluted approximately eightfold more than the other fractions. The recovered proteins were separated on 15% SDS-polyacrylamide gels and blotted to nitrocellulose, and the 17-kD yb protein was localized by the ECL assay. Control lanes containing the native recombinant yb polypeptide purified from Escherichia coli were loaded with a, 250 ng; b, 50 ng; and c, 10 ng amounts. Wild-type ND18 control, ND18 wt; cluster 1 mutant C1-9,10,23, C1; basic motif mutants 26 to 29, BM 26-29; and cluster 2 mutant C2-60, C2. Other C1 and C2 cluster mutants tested in separate experiments that are not shown include C1-7, C1-23, C2-60.H85, and C2-H85. These mutants caused essentially the same yb distribution profiles as the C1 and C2 mutants illustrated here.
amino acid substitutions in mutants 26 and 29. Alternatively, because mutations C1, 26, and 29 are located contiguously (Figure 2) , it is possible that the increased mobility of the mutant proteins is a consequence of conformational changes that could affect the ability of SDS to coat the partially or fully denatured proteins during electrophoresis. It is also possible that these mutant yb proteins are post-translationally processed or modified in such a manner that their migration differs from that of the wild-type yb protein.
The Cluster 1 Mutations Affecting Phenotype Are Dominant over Wild-Type yb
Previously, we ) developed a four-component BSMV assay that permits complementation of the yb deletion mutants with wild-type yb. This was accomplished by introducing the wild-type yb allele in trans by coinoculating a mutant (y42A1.1) RNAy transcript containing a deletion within the essential replicase protein, ya, and an RNAy transcript encoding the replicase and the yb mutation. In the current study, we have used the quadripartite assay to determine whether the mutations within yb are dominant or recessive to the wild-type allele. The test yb mutant transcript and y42A1.1 carrying the wildtype yb allele were propagated in infected barley as shown in Figure 6 . Moreover, recombination between the two molecules appears to be infrequent because RNAy species corresponding in size to the wild-type RNA were not present in the infections containing mixtures of y42A1.1 and y42A2.1 with a deletion in yb ( Figure 6 ). Higher levels of the 22.5-kD coat protein (Pa) accumulated in infections resulting from complementation of the null mutant (y42A2.1) than in the y42A2.1 deletion mutant infections alone even though the levels of the yb protein were substantially lower than in the wild-type infections (Figure 4) . Although symptoms identical to those elicited by the wild-type virus were not restored by complementation, plants infected with the four-component system did develop more uniform mosaic patterns than those infected with the yb deletion mutant (data not shown). Similarly, symptoms on infected leaves inoculated with the cluster 2 null mutants and y42A1.1 were more uniform than those resulting from cluster 2 infections alone. In addition, the levels of coat protein in tissue infected with the quadripartite system containing cluster 2 constructions were substantially higher than those found in plants infected only with the cluster 2 mutants (Figure 4 ). We therefore conclude that all four combinations of the quadripartite system are expressed, that the four components contribute to infection of the inoculated plants, and that the "null" cluster 2 mutations are recessive to the wild-type yb gene. In contrast, the cluster 1 mutations appeared to be dominant, since the wild-type allele did not alter the bleached symptom phenotype or suppress the elevated accumulation of the mutant yb protein (Figure 4 ). Approximately the same levels of coat protein accumulated in complemented and uncomplemented C1 infections. This dominance effect thus provides a strong argument that the C1 cluster mutants exhibiting the bleached phenotype have altered activities in vivo that enable the mutant yb proteins to subvert the normal function of the wild-type yb protein. Complementation tests (data not shown) were also performed with the basic motif mutants 26 and 28, which accumulate elevated levels of yb, and with mutant 29, which is similar to the yb deletion mutant A2.1 in eliciting the "null" symptom phenotype and in its reduced levels of pb and coat protein accumulation (Table 1 ). Like the cluster 1 mutations, the basic motif mutations 26 and 28 were dominant with respect to phenotype and yb accumulation. Surprisingly, mutation 29 also appeared to be dominant, because the presence of the wild-type yb gene in rrans did not appreciably alter the null symptoms or the low levels of coat protein accumulation observed in infections with the basic motif mutant 29 alone ( Figure  4) . The apparent dominance of mutant 29, which is symptomatically equivalent to the yb deletion mutant, wer the wild-type yb allele was also tested in the same protein in cis by constructing two double yb mutants. One double mutant 29) contains the bleached C1-7 substitution and mutation 29, and the other (BM26,29) contains the basic motif mutations 26, which causes bleached symptoms, and 29, which elicits a "null" phenotype. Plants infected with C1-7,29 or BM26,29 developed the "null" symptom phenotype characteristic of BM29. The levels of coat protein were also reduced substantially, and the accumulation of the yb protein was comparable to that in tissue infected only with mutant 29 (Table 1) . Thus, these results reinforce the conclusion that mutant 29 is dominant. In summary, the complementation experiments demonstrate that, with the exception of mutant 29, the mutant alleles exhibiting a null phenotype are recessive to the wild-type yb allele, whereas the mutants exhibiting the bleached phenotype have dominant effects on protein accumulation and symptom development.
Transcriptional Control Does Not Account for Elevated Expression of Mutant yb Proteins
To determine whether the unusually high levels of accumulation of C1 mutant yb protein resulted from elevated transcription, experiments were conducted to compare the relative amounts of yb mRNA and protein present in tissues infected with different mutants. Because of differences in the symptoms induced by the different mutants and the likely variable proportion of infected cells per gram of leaf tissue, it was not possible to quantitatively compare relative RNA and protein levels from different tissue samples. Therefore, frozen tissue samples were powdered, and extracts from the same batch of powdered material were used for hybridization analyses of RNA and for immunoblot protein analyses. The results of these experiments (Figure 6 ) revealed that the amounts of mutant RNAs were similar in the infected tissue samples, but as observed previously, levels of viral RNA resulting from the yb deletion mutant (A2.lyb) that elicits "null" symptoms were lower than those resulting from the wild-type infections (Petty et al., 199Oa) . The viral RNAs in samples of tissue infected with the cluster 1 and cluster 2 mutants, as well as the basic motif mutants 26 to 29, were only slightly lower in abundance than those resulting from wild-type ND18 infections. Therefore, we conclude that transcription of the subgenomic yRNA, which serves as the mRNA from which the yb protein is translated, was not elevated in those yb mutants that accumulated massive amounts of the yb protein. This indicates that overexpression of the mutant yb protein in tissue infected with the mutants yielding the bleached phenotype is mediated either by some form of posttranscriptional regulation of yb protein synthesis or by reduced turnover of the C1 mutant protein.
DISCUSSION
The results of this study highlight the conclusion that mutations in three structural motifs of the yb protein affect the pathogenicity of BSMV. The most striking finding is that mutations within the C1 motif elicit a bleached phenotype with a corresponding hyperaccumulation of yb, whereas the C2 infections resulting in the "null" phenotype exhibit greatly reduced coat protein and pb accumulation with only slightly elevated yb accumulation. The effects of mutations within the basic motif are less clear-cut, and the observed abnormalities in pathology and gene expression could be caused directly by alteration of some function of the basic motif or by indirect effects on the C1 and C2 clusters.
The alterations in pathology suggest that the two cysteinerich clusters have distinct roles in the infection process because the C1 cluster mutations affect accumulation of the yb protein and the C2 mutations modify expression of genes encoded by RNAP. Moreover, because the two clusters are genetically distinct and have different effects on the accumulation of BSMV proteins, they probably participate in the regulation of gene expression via two different biochemical pathways. In this regard, the two cysteine-rich clusters may be analogous to the two zinc fingers of the retroviral nucleocapsid proteins that bind single-stranded RNA during formation of the inner core of the virion and participate in the early stages of infection. Recently, severa1 studies have shown that the two zinc fingers of retroviruses have distinct activities. Gorelick et al. (1993) assessed the effects of rearranging or duplicating the two zinc fingers on human immunodeficiency virus (HIV-1) infectivity. Dorfman et al. (1993) also carried out an extensive site-specfic mutagenesis study with the HIV-1 fínger, some of which converted the motifs to exact copies of each other. Both groups found that the individual clusters are not functionally or phenotypically equivalent and that their rearrangement causes differential effects on infectivity and on RNA selection and packaging in vivo. Similar conclusions were reached in another study with Rous sarcoma virus (Bowles et al., 1993) . Thus, our results are reminiscent of the retrovirus findings, and it appears that in both the plant and animal viruses the functions of the individual cysteine-rich clusters have evolved to carry out genetically distinguishable activities that affect the virus life cycle.
Another dramatic and unpredicted outcome of our mutational analysis is the discovery that the mutants that display a bleached symptom phenotype characterized by accumulation of massive amounts of yb protein in infected plants are dominant. These mutations appear to interfere with vascular movement to some extent because the timing and extent of virus spread are delayed, and they also trigger extensive chlorosis and collapse of affected tissue. The following three classes of alleles display this effect: (1) the single cysteine residue substitutions C1-7, C1-19, and C1-23 and a double substitution C1-9,lO in cluster 1; (2) the arginine and lysine residues targeted in the basic motif mutant 26; and (3) two tyrosines modified in mutant 28 that flank two nonessential lysine residues substituted in mutant 27. From analyses of the phenotypic effects and biochemical consequences of these mutations, we propose that overexpression of the yb protein by the cluster 1 and basic motif alleles 26 and 28 is a consequence of one or more defects in a yb functional domain encompassing cluster 1 that requires the proximal series of lysines, arginines, and tyrosines affected by the mutations. Additional experiments will be needed to determine whether the dominance of the bleached phenotypic mutants represents indirect effects on host metabolism, resulting from hyperaccumulation of yb mutant proteins, or is a direct reflection of an interference effect caused by the mutant proteins.
Although the elevated accumulation of the yb protein elicited by the C1 mutants strongly suggests that yb is involved in regulating its own expression, we can only speculate whether this is achieved by decreased turnover of yb or by its increased synthesis. If decreased protein turnover is the primary reason for the hyperaccumulation of the yb proteins, some unusual mechanisms must be involved in the altered targeting of mutant proteins from the soluble fraction to the membrane fractions and their subsequent stability in these fractions. For example, it is possible that the C1 and mutant 28 amino acid residue substitutions could interfere with interactions between yb and other proteins that are normally required for rapid turnover or that the mutations interfere with interactions with other proteins required for transient membrane associations. However, we believe that the elevated accumulation and the changes in cytoplasmic distribution are unlikely to be due simply to denaturation of the mutated proteins because the C2 function required for up-regulating accumulation of proteins encoded by RNAp is not significantly compromised. Moreover, denatured or altered proteins with significant alterations in conformation are almost always recognized by cellular degradation systems and only rarely is increased stability observed (see Creighton, 1993) .
On the other hand, if hyperaccumulation of yb is caused by increased protein synthesis, a simple model for the role of the yb protein as a transcriptional activator can be excluded, because the relative ratios of BSMV subgenomic to genomic RNA transcription are not correspondingly increased by the mutations. An alternative model to account for the autoregulation could include a role for the wild-type yb as a translational attenuator. In this scenario, elevated accumulation of the mutant yb proteins could be a consequence of their inability to regulate their own translation. This might involve the loss of ability of the mutants to down-regulate translation of the yb subgenomic mRNA by some mechanism such as blocking ribosomal access to the yb open reading frame (ORF). Such a regulatory mechanism has previously been demonstrated for the bacteriophage T4 regA protein, which autoregulates its expression via translational repression (Miller et al., 1985) . In this case, the regA protein binds to translational initiation sites on the regA-specific mRNA and physically prevents ribosomal access to the initiation codon. Interestingly, one of the regA mutants that fails to autoregulate its synthesis has an overexpression of more than two orders of magnitude. However, demonstration of such a specific translational repression by the yb protein in vitro and development of a detailed model for such repression will require elucidation of nucleotide sequence-specific yb-RNA associations. We have recently determined that recombinant yb protein is able to bind to RNA in vitro, but we have not been able to identify specific sequences participitating in such binding (R.G.K. Donald and A.O. Jackson, unpublished data) .
All of the yb mutations that elicit abnormal symptoms also have the surprising consequence of redirecting the mutant yb protein derivatives from their normal cytoplasmic location to the membrane and cell wall fractions. A possible hypothesis to explain these results is that this common effect could be a consequence of localized alterations in protein conformation. How might a perturbed BSMVyb protein alter its targeting from a cytoplasmic location to membrane and cell wall sites? One explanation related to the potential affinity of the yb protein for hydrophobic surfaces is suggested by the nature of a short N-terminal stretch of 20 amino acids, which includes the first four of the five cysteine residues in cluster 1 ( Figure  2 ). If this hydrophobic domain is normally inaccessible to the aqueous milieu through productive protein-protein or protein-RNA interactions, amino acid substitutions that destabilize these interactions or that modify protein folding might lead to exposure of the hydrophobic residues and subsequently to abnormal partitioning of the mutant proteins into membranes or membrane-associated surfaces. Localized folding alterations resulting from disulfide bond interactions or the effects of phosphorylation of the introduced serines might also contribute to membrane targeting. Another possibility is that the substituted amino acids interfere with associations of the yb that are required for participation in a partitioning cycle involving transient associations of the wild-type protein between the cytoplasm and cell membranes.
Additional data also need to be considered to provide a satisfactory model for the disparate functions of yb in BSMV gene expression. The pleiotropic effects of the yb "null" mutations on symptoms and on coat protein (pa) and movement protein (Bb) accumulation reinforce previous suggestions that the yb protein has a role in regulating BSMV gene expression in rrans . Similar effects were also observed for the two distinct classes of "null" mutations that result from amino acid substitutions in the C2 cluster and in the lysine and arginine substitutions of basic motif mutant 29. These "null" mutations lead to significant reductions in coat protein accumu- 
METHODS
Virus Strains and Plant lnoculations
Linearized full-length cDNA clones of the a-, p-, and y-genome components of the North Dakota 18 (ND18) strain of barley stripe mosaic virus (BSMV; Petty et al., 1988) were used as templates for in vitro generation of capped infectious transcripts by T7 RNA polymerase, as described by Petty et al. (1989) . One-week-old barley (Hordeum vulgam cv Black Hulless) seedlings were inoculated with mixtures of RNA transcripts or with extracts from previously infected tissue (Petty et al., 1989) and maintained in controlled environmental growth chambers with a 16-hr diurna1 cycle during which the temperature ranged from 27OC in the light (mean intensity 150 pE m2 sec) to 17% in the dark. Mock-infected controls were inoculated with buffer lacking BSMV transcripts or with extracts from healthy plants. Symptom development was obsewed for up to 3 weeks after inoculation and recorded photographically at various phases of the infection cycle.
Mutagenesis of BSMV
DNA manipulations were performed according to protocols described by Sambrook et al. (1989) and Ausubel et al. (1987) . The ND18 y42 genome component was mutagenized directly by the procedure of Kunkel (1985) with minor adaptations for the use of phagemid vectors (McClary et al., 1989) . Oligonucleotides used to introduce specific missense mutations are shown in Table 2 . Oligonucleotides yMOb21 to yMOb25 have redundancies at two nucleotide positions (underlined), which permit recovery of both single and double mutants, and oligonucleotides yMOb26 to yMOb29 introduce multiple missense mutations (substituted nucleotides underlined) in the basic motif located between the two cysteine-rich clusters of yb (Figure 2 ). Mutations were verified by double-strand DNA sequencing with Sequenase (United States Biochemical Corp., Cleveland, OH) using oligonucleotide primers (Table 2) complementary to regions near the target site (Kraft et al., 1988) . To minimize errors in data interpretation based on mutational artifacts, at least two independent clones of each targeted mutation were tested for infectivity on barley.
Analysis of Plants
Leaf tissue was excised by removing regions of the infected leaf blade bearing visible symptoms, freezing the tissue in liquid nitrogen, and grinding it to a fine powder with a mortar and pestle. Total RNA and total protein samples for concurrent RNA blot hybridizations and immunoblot analyses, respectively, were prepared from the same tissue samples by dividing the powdered tissue. RNA was extracted from 1 gm of frozen powder in a prechilled (-70°C) mortar by adding an equal volume of extraction buffer (200 mM ammonium carbonate, pH 9, 2% SDS, 2 mM EDTA, 200 pg/mL of bentonite) followed immediately by 1 mL of hot phenol (70 to 80OC). After transfer to a centrifuge tube and 30 sec of vigorous vortexing to suspend the homogenized tissue, 1 mL of chloroform-isoamylalcohol(24:l) was added and vortexed. The brei was separated by centrifugation (10,000 rpm in a rotor [ S S S ; Sorvall, Du Pont Co., Wilmington, DE]), and the aqueous phase was added to an equal volume of 4 M LiCl and stored at 4OC overnight. The RNA pellet obtained after centrifugation was resuspended in 250 pL of 5 x TE buffer (1 x TE is 10 mM Tris-HCI, pH 8.0, 1 mM EDTA), extracted with phenokhloroform, and precipitated with 0.1 volume of 3 M NaOAc, pH 5.2, and 2.5 volumes of ethanol. After centrifugation and washing with 70% ethanol, the RNA pellet was dried, resuspended in 20 pL of TE buffer, and quantitated spectrophotometrically. RNA was separated on 1.2% agarose gels, transferred to a Nytran membrane (Schleicher & Schuell, Inc., Keene, NH), and hybridized as previously described by .
Protein was extracted by resuspending 200 to 500 pg of frozen tissue in an equal volume of 2 x Laemmli (1970) buffer, boiled for5 min, and clarified by microfuge centrifugation for 5 min. Aliquots were fractionated on 15% SDS-polyacrylamide gels and transferred to nitrocellulose (Hybond C-super; Amersham Corp.) as described by Towbin et al. (1979) . Blots were blocked with TBS (50 mM Tris-HCI, pH 7.4, 200 mM sodium chloride) containing 12.5% (wlv) powdered skimmed milk and 5% (vh) newborn calf serum (Gibco BRL Life Technologies Inc., Gaithersburg, MD) and incubated with diluted mouse anti-BSMV ascites fluid as described by Donald et al. (1993) . The filters were subsequently washed with TBS and reacted with either goat anti-mouse IgG horseradish peroxidase conjugate or anti-mouse IgG alkaline phosphatase conjugate. After additional TBS washes, the peroxidase was detected with the Amersham enhanced chemiluminescence (ECL) detection system and the phosphatase with 50 pg/mL 5-bromo-4-chloro-3-indolyl phosphate and 100 pglmL nitroblue tetrazolium.
Subcellular Fractionation of Plant Extracts
Separation of barley extracts into subcellular fractions was performed essentially as described by Niesbach-Klosgen et al. (1990) , with the minor modifications of Donald et al. (1993) . One gram of barley leaf tissue was frozen in liquid nitrogen, ground into a fine powder, and suspended by vigorous mixing into 4 mL of protein extraction buffer (400 mM sucrose, 100 mM Tris, pH 7.5, 10 mM KCI, 5 mM MgCI2, 10% glycerol, 10 mM p-mercaptoethanol, 1 mM benzamidine, 1 mM phenylmethylsulfonyl fluoride). After filtering the suspension through a nylon mesh screen (500-pm pore size), the filtrate was centrifuged for 10 min at lOOOg to pellet nuclei and chloroplasts (fraction Pl). The supernatant was centrifuged at 30,OOOg to separate membranes (pellet, fraction P30) from soluble proteins (supernatant, fraction S30). The debris trapped on the screen was washed three to four times by repeated cycles of centrifugation (10,OOOg) and resuspension in extraction buffer plus 2% Triton X-100. When the pellet became white and the supernatant was free of chlorophyll. the pellet was carefully drained and resuspended in 500 pL of Laemmli sample buffer containing 9 M urea to release cell wall proteins (fraction CW). After resuspension in 300 pL of extraction buffer, fractions P1 (enriched for nuclei) and P30 (enriched for chloroplasts, mitochondria, and various membranes), together with the soluble fraction 530, were adjusted to 1 x in sample buffer, boiled for 5 min, and clarified by microfuge centrifugation for 5 min. The samples (20 to 40 pL) were separated on 1-mm-thick SDS-polyacrylamide gels. Note that because of the protein concentration and large volume of the S30 fraction, wells loaded with samples from this fraction contained -12% of the relative equivalente of the P1, P30, and CW fractions.
